Aurivillius oxides with an intergrowth structures have been receiving increasing interest because of their special structures and potential outstanding ferroelectric properties. In this work, Bi 3 LaTiNbFeO 12 -Bi 5 Ti 3 FeO 15 and Bi 3 TiNbO 9 -Bi 3 LaTiNbFeO 12 compounds were successfully synthetised using a simple solid-state reaction method. X-Ray diffraction patterns and scanning transmission electron microscopy high angle annular dark field (STEM-HAADF) images confirm the 2-3 and the 3-4 intergrowth structures in Bi 3 TiNbO 9 -Bi 3 LaTiNbFeO 12 and Bi 3 LaTiNbFeO 12 -Bi 5 Ti 3 FeO 15 compounds, respectively. A superlatticelike distortion in these oxides was proposed resulting from the combination of sub-lattices with different a and b parameters, which was validated by XRD refinements and Raman spectra. Polarization-electric field tests and pulsed polarization positive-up negative-down measurements demonstrate that such superlattice-like structures can effectively enhance the intrinsic ferroelectric polarization and coercive field of these oxides, especially when compared with their component oxides Bi
Introduction
Multiferroic materials exhibiting ferroelectric (FE) and ferromagnetic (FM) properties simultaneously have drawn numerous attentions as a new type of very promising materials which could be widely applied as quantum sensors and storage mediums. [1] [2] [3] [4] [5] [6] [7] Among them, Bi-containing Aurivillius compounds with the general formula of (Bi 2 O 2 ) 2+ (A nÀ1 B n O 3n+1 ) 2À are one of the most important branches.
8-12
In these Aurivillius compounds, perovskite-like layers (A nÀ1 B n O 3n+1 ) 2À are sandwiched by uorite-like layers (Bi 2 O 2 )
2+
, and it's found that the layer number, n, has a great impact on their ferroelectric (FE) and ferromagnetic (FM) properties. 13 kV cm À1 at room temperature. 15, 16 In general, n takes an integer in these single-phase Aurivillius compounds, and very recently, an n/n + 1 intergrowth structure was observed, which made the average value of n a fraction, such as typical Bi 3 TiNbO 9 -Bi 4 Ti 3 O 12 with an average n value of 2.5. 17, 18 Such intergrowth structures may be a new regulation approach to intensively modulate both FE and FM properties of these Aurivillius oxides.
In intergrowth Aurivillius oxides, two constituent structures (generally n and n + 1) arrange alternately along the common caxis. As shown in Fig. 1 were also prepared with similar process. X-Ray Diffraction (XRD) patterns of the synthesized powders were recorded using powder X-ray diffraction (XRD) with Cu-K a radiation (TTR-111, Tokyo, Japan). Rietveld renements of the XRD patterns were performed with Material Studio 6.0 program. Atomic structures were visualized by aberration corrected scanning transmission electron microscopy equipped with high angle annular dark eld (STEM-HAADF, JEM-ARM200F, JEOL, Japan). Scanning electron microscopy (SEM, JSM-6400; JEOL) was applied to investigate microstructures of the fractured ceramic pellets. Transmission Electron Microscopy (TEM, JEM-2100F) and Energy Dispersive Spectroscopy (EDS) were used to determine morphology and elemental composition of BLTNF-3.5 powders. Raman spectra were characterized using a Laser Raman spectrometer with 514.5 nm line of Ar + laser as excitation source (LabRamHr, JobinYvon, France). Magnetic properties of the samples were measured using vibrating sample magnetometer option of Quantum Design Physical Property Measurement System (PPMS-VSM, Quantum Design, San Diego, CA). For ferroelectric and dielectric measurements, ceramics were polished to pellets with 0.2 mm and 0.5 mm in thickness, respectively, and then silver was evaporated on both surfaces as electrodes. Ferroelectric measurements were made using a Precision LC ferroelectric analyser at an applied frequency of 50 Hz (Radiant Technology, Inc., Albuquerque, NM). Dielectric measurements were conducted using an impedance analyser at the frequency range of 5 kHz-1 MHz (HP4294A, Agilent Technology).
Results and discussion
Room temperature X-ray diffraction (XRD) patterns of samples, as shown in Fig. 2 , indicate the formation of Aurivillius structures for all the ve samples with no secondary phase. Structures tted from Rieveld renements are shown in Table 1 with low R wp obtained, indicating the correction of the tness.
As shown in Table 1 , it can be clearly seen that c parameters of samples vary largely and are about 25.1132, 29.1250, 33.4223, 37.3095, and 41.2454Å for BTN-2, BLTNF-2.5, BLTNF-3, BLTNF-3.5, and BTF-4, respectively. The in-between layer length of BLTNF-2.5 and BLTNF-3.5, when compared with those of BTN-2, BLTNF-3 and BTF-4, highly indicates the formation of intergrowth structure. Besides c parameters, a and b parameters of BLTNF-2.5 and BLTNF-3.5 differ largely from their component oxides, which have integral layers, to alternately accommodate to the difference of two constituent lattices. Such accommodation can introduce an internal stress at the interface of the two constituent lattices like that in the superlattices, 27-29 which may lead to additional lattice distortion, and therefore impact the characteristics of these compounds.
STEM-HAADF images of BLTNF-2.5, BLNTF-3 and BLTNF-3.5 are shown in Fig. 3 to reveal their atomic structure. Bright spots here represent Bi or La ions because their large atomic number in the compounds. For BLNTF-3, orderly structure with two loose layers (the perovskite layer) and two close layers of packing ions (uorite layer) shows up, suggesting a well crystalline 3-layer Aurivillius structure. While for BLTNT-2.5, sandwiched by the two close layers, one and two loose layers with large layer distance arrange orderly and sequentially, indicating a 2-3 layer intergrowth structure. Similarly, a 3-4 layer intergrowth structure can be clearly observed for BLTNT-3.5. Observation of these superlattice-like intergrowth structures intensively indicates the corrections of XRD renements. Fig. 4 shows TEM-EDS images of BLTNF-3.5. All the elements appear uniformly with no individual element enriched or lessened. This along with the XRD analysis further indicates that pure intergrowth samples can be prepared via a simple solid state reaction process.
Raman spectra, as shown in Fig. 5 
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With the increase of layer number, modes at 831 cm À1 shi steadily right, indicating its direct connection with the c parameter. 31 Interestingly, other modes show different shi tendency: modes at 531 and 669 cm À1 shi right rst and then le; while those at 221 cm À1 shi le rst and then right.
Compared with the parameters listed in Table 1 , these vibrations seem to show large positive or negative dependence on a or b parameters. This, in a large scale, indicates the existence of a superlattice-like structure, in good agreement with the STEM-HADDF observation. And further, the lattice distortion rooting in the superlattice-like structures can be expected. Before exploring the ferroelectric properties of the samples, SEM photos of fractured samples sintered at 1150 C are taken as shown in Fig. 6 . All the ve samples are very dense with few pores detected. High densities of these samples help to rule out the current leakage via pores, and thus benet the identication of native FE properties. Conductive properties of the samples under the applied DC electric elds are investigated at the room temperature, as shown in Fig. 6(f) . Based on the linear slope of J-E curves, electrical resistivity of samples can be calculated as 2.8, 10.1, 3.4, 15.4, and 4.1 GU cm for BTN, BLTNF-2.5, BLTNF-3.5 and BTF-4, respectively. It can be clearly seen that BLTNF-3.5 and BLTNF-2.5 with the intergrowth structure have much higher electrical resistivity than those with integer-layer samples. This might result from the larger electron scattering because of the larger lattice distortion of the intergrowth structures.
The RT P-E hysteresis loops measured at 50 Hz under different electric elds are shown in Fig. 7(a) , and values of apparent remnant polarization (2P r ) and coercive eld (2E c ) under the electric eld 140 kV cm À1 are shown in Fig. 7(b) as function of layer numbers in these samples. Much enhanced 2P r and 2E c values can be clearly observed for BLTNF-2.5 and BLTNF-3.5 with the values of 6.74 and 10.40 mC cm À2 and 117, 149 kV cm À1 , respectively. To identify a possible contribution from articial polarization due to current leakage, pulsed polarization positive-up negative-down (PUND) measurements are performed, and the pulsed remnant polarizations DP (switched polarization-non-switched polarization) at different electric elds are shown in Fig. 7(d) . Values of DP are very close to those of 2P r shown in Fig. 7(c) , indicating that the polarization of the samples arises mainly from their intrinsic properties. Reasons for the high intrinsic ferroelectric performance of samples with the intergrowth phases can be attributed to their superlattice-like structure. As shown in Table 1 , parameters of the constituent sublattices differ a lot from each other, especially in a and b directions. Such mismatching in sublattices will introduce a large interfacial tension in the intergrowth structure, which can result in larger BO 6 octahedron distortion and Jahn-Teller distortion, and thus improve the ferroelectric polarization.
Dielectric properties of the samples measured at various frequencies under temperature 373-923 K are conducted as shown in Fig. 8 to determine the ferroelectric Curie temperature. A bump shoulder at 610 K which shis to high temperatures at the enhanced frequencies can be observed for BLTNF-3.5. As indicated in literatures, such broad peak corresponds to the space charge polarization instead of Curie temperatures. 33, 34 Similar peaks are also observed for BTN-2 (849 K at 5 KHz) and BTF-4 (766 K at 5 KHz). For BLTNF-3.5, the peak corresponding to Curie temperatures locates at 861K, which doesn't shi with the testing frequencies. Similarly, high Curie temperatures can be obtained as 780 K for BLTNF-2.5 and 875 K for BLTNF-3. For BFT-4 and BTN-2, their Curie temperatures are too high to be obtained here. 35, 36 Dielectric loss factor of samples is also plotted in Fig. 8 . Although Curie temperatures can be obtained in dielectric loss curves (as indicated by the line), peaks corresponding to space charge are invisible. Whereas, additional peaks above Curie temperatures are It should be also noted that the samples with intergrowth structures have lower Curie temperatures when compared with those having their component lattices. Such low Curie temperature should result from the internal stress of the superlattice-like structure which lowers the phase transformation energy.
At last, we conducted a magnetic test to investigate the magnet performance. Fig. 9 shows the magnetic hysteresis loops of the samples measured at different temperatures and the temperature dependence of magnetization for the samples in zero eld cooling (ZFC) and eld cooling (FC) modes under a magnetic eld of 500 Oe. BTN-2 shows diamagnetism character, while other samples are paramagnetic which increases with the Fe 3+ contents. As indicated in Fig. 9(d) , paramagnetism of samples decreases with increasing temperatures due to the disarranging of magnetic domain at high temperatures. Effective magnetic moments (M eff ) of iron are calculated for each samples using the Curie-Weiss law. 37 As shown in Table 2 , BLTNF-2.5, BLTNF-3, BLTNF-3.5 and BFT-4 have similar effective magnetic moments around 3.45-3.85. As all known that the theoretical effective magnetic moment for iron can be calculated as 3.46 m B at low spin state and 11.83 m B at high spin state. And therefore, the iron ions in these samples are almost all at the low spin state. The slight difference here may be due to different environment of the FeO 6 octahedral which has slight different crystal eld splitting energy according to Jahn-Taller effect. It is also suggested that pure paramagnetic in these samples are mainly dependent on their iron contents, while hardly on their homogeneous or heterogeneous structure (intergrowth structure).
Conclusions
In summary, the intergrowth Aurivillius-type multiferroic oxide BLTNF-2.5 and BLTNF-3.5 were successfully synthesized via solid-state reaction method. The XRD and STEM-HADDF results proved that these oxides have a superlattice-like structure compared with their constituent oxides BTN-2, BLTNF-3 and BTF-4. Moreover, ferroelectric polarization and coercive led of BLTNF-2.5 and BLTNF-3.5 had been greatly improved with the lower current leakage which should be attributed to their superlattice-like structure. Yet, magnetic measurements suggest that BLTNF-2.5 and BLTNF-3.5 present paramagnetic properties possessing similar effective magnetic moment with Bi 3 LaTiNbFeO 12 and Bi 5 Ti 3 FeO 15 , implying that such superlattice-like structure seems to have less impact on their magnetic properties. These results might provide a new perspective for the development of the multiferroic family.
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